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[57] ABSTRACT 

A method of con?guring a con?gurable logic system, 
including a single or multi-FPGA network, is disclosed in 
which an internal clock signal is de?ned that has a higher 
frequency than timing signals the system receives ?'om the 
enviromnent in which it is operating. The frequency can be 
at least ten times higher than a frequency of the environ 
mental timing signals. The logic system is con?gured to 
have a controller that coordinates operation of its logic 
operation in response to the internal clock signal and envi 
ronmental timing signals. Speci?cally, the controller is a 
?nite state machine that provides control signals to sequen 
tial logic elements such as ?ip-?ops. The logic elements are 
clocked by the internal clock signal. In the past, emulation 
or simulation devices, for example, operated in response to 
timing signals ?rom the environment A new internal clock 
signal, invisible to the environment, rather than the timing 
signals is used to control the internal operations of the 
devices. Additionally, a speci?c set of transformations are 
disclosed that enable the conversion of a digital circuit 
design with an arbitrary clocking methodology into a single 
clock synchronous circuit. 

50 Claims, 14 Drawing Sheets 
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TRANSITION ANALYSIS AND CIRCUIT 
RESYNTHESIS METHOD AND DEVICE FOR 

DIGITAL CIRCUIT MODELING 

BACKGROUND OF THE INVENTION 

Con?gurable logic devices are a general class of elec 
tronic devices that can be easily con?gured to perform a 
desired logic operation or calculation. One example is Mask 
Programmed Gate Arrays (MPGA). These devices oifer 
density and performance. Poor turn around time coupled 
with only one-time con?gurability tend to diminish their 
ubiquitous use. Recon?gurable logic devices or program 
mable logic devices (such as Field Programmable Gate 
Arrays (FPGA)) o?‘er lower levels of integration but are 
recon?gurable, i.e., the same device may be programmed 
many times to perform di?’erent logic operations. Most 
importantly, the devices can be programmed to create gate 
array prototypes instantaneously, allowing complete 
dynamic recon?gurability, something that MPGAs can not 
provide. 

System designers commonly use recon?gurable logic 
devices such as FPGAs to test logic designs prior to manu 
facture or fabrication in an effort to expose design ?aws. 
Usually, these tests take the form of emulations in which a 
recon?gurable logic devices models the logic design, such 
as a microprocessor, in order to con?rm the proper operation 
of the logic design along with possibly its compatibility with 
an environment or system in which it is intended to operate. 

In the case of testing a proposed microprocessor logic 
design, a netlist describing the internal architecture of the 
microprocessor is compiled and then loaded into a particular 
recon?gurable logic device by some type of con?guring 
device such as a host workstation. Ifthe recon?gurable logic 
device is a single or array of FPGAs, the loading step is as 
easy as down-loading a ?le describing the compiled netlist 
to the FPGAs using the host workstation or other computer. 
The programmed con?gurable logic device is then tested in 
the environment of a motherboard by con?rming that its 
response to inputs agrees with the design criteria. 

Alternatively, recon?gurable logic devices also ?nd appli 
cation as hardware accelerators for simulators. Rather than 
testing a logic design by programming a recon?gurable 
device to “behave” as the logic device in the intended 
environment for the logic design, e.g., the motherboard, a 
simulation involves modeling the logic design on a work 
station. In this environment, the recon?gurable logic device 
performs gate evaluations for portions of the model in order 
to relieve the workstation of this task and thereby decreases 
the time required for the simulation. 

Recently, most of the attention in complex logic design 
modeling has been directed toward FPGAs. The lower 
integration of the FPGAs has been overcome by forming 
heterogeneous networks of special purpose FPGA proces 
sors connected to exchange signals via some type of inter 
connect. The network of the FPGAs is heterogeneous not 
necessarily in the sense that it is composed of an array of 
different devices but that the devices have been individually 
con?gured to cooperatively execute different sections, or 
partitions, of the overall logic design. These networks rely 
on static routing at compile-time to organize the propagation 
of logic signals through the FPGA network. Static refers to 
the fact that all data or logic signal movement can be 
determined and optimized during compiling. 
When a logic design intended for eventual MPGA fabri 

cation is mapped to an FPGA, hold time errors are a problem 
that can arise, particularly in these complex con?gurable 
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2 
logic device networks. A digital logic design that has been 
loaded into the con?gurable logic devices receives timing 
signals, such as clock signals, and data signals from the 
environment in which it operates. Typically, these timing 
signals coordinate the operation of storage or sequential 
logic components such as ?ip-?ops or latches. These storage 
devices control the propagation of combinational signals, 
which are originally derived from the environmental data 
signals, through the logic devices. 
Hold time problems commonly arise where a timing 

signal is intended to clock a particular storage element to 
signal that a value at the element’s input tenninal should be 
held or stored. As long as the timing signal arrives at the 
storage element while the value is valid, correct operation is 
preserved. Hold time violations occur when the timing 
signal is delayed beyond a time for which the value is valid, 
leading to the loss of the value. This e?‘ect results in the 
destruction of information and generally leads to the 
improper operation of the logic design. 

Identi?cation and mitigation of hold time problems pre 
sents many challenges. First, while the presence of a hold 
time problem can be recognized by the improper operation 
of the logic design, identifying the speci?c location within 
the logic design of the hold time problem is a challenge. This 
requires sophisticated approximations of the propagation 
delays of timing signals and combinational signals through 
the logic design. Once a likely location of a hold time 
problem has been identi?ed, the typical approach is some 
what ad hoc. Delay is added on the path of the combinational 
signals to match the timing signal delays. This added delay, 
however, comes at its own cost. First, the operational speed 
of the design must now take into account this new delay. 
Also, new hold time problems can now arise because of the 
changed clock speed. In short, hold time problems are both 
di?icult to identify and then di?icult to rectify. 

Other problems arise when a logic design intended for 
ultimate MPGA fabrication, for example, is realized in 
FPGAs. Latches, for instance, are often implemented in 
MPGAs. FPGA, however, do not oifer a corresponding 
element. 

SUMIVIARY OF THE INVENTION 

The present invention seeks to overcome the hold time 
problem by imposing a new timing discipline on a given 
digital circuit design through a resynthesis process that 
yields a new but equivalent circuit. The resynthesis process 
also transforms logic devices and timing structures to those 
that are better suited to FPGA implementation. This new 
timing discipline is insensitive to unpredictable delays in the 
logic devices and eliminates hold time problems. It also 
allows e?icient implementation of latches, multiple clocks, 
and gated clocks. By means of the resynthesis, the equiva' 
lent circuit relies on a new higher frequency internal clock 
(or virtual clock) that is distributed with minimal skew. The 
internal clock signal controls the clocking of all or substan 
tially all the storage elements, e.g. ?ip-?ops, in the equiva 
lent circuit, in effect discretizing time and space into man 
ageable pieces. The user’s clocks are treated in the same 
manner as user data signals. 

In contrast with conventional approaches, the present 
invention does not allow continuous inter-FPGA signal ?ow. 
Instead, all signal ?ow is synchronized to the internal clock 
so that signals ?ow between ?ip-?ops through intermediate 
FPGAs in discrete hops. The internal clock provides a time 
base for the circuit’s operation. 

In general, according to one aspect, the invention features 
a method of con?guring a con?gurable or programmable 
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logic system. Generally, such logic systems include single or 
multi-FPGA network, although the invention can be applied 
to other types of con?gurable devices. Particular to the 
invention, the logic system is provided with an internal clock 
signal that typically has a higher frequency, by a factor of at 
least four, than timing signals the system receives from the 
environment in which it is operating. The logic system is 
con?gured to have a controller that coordinates operation of 
the logic in response to the internal clock signal and the 
environmental timing signals. In the past, while emulation or 
simulation devices, for example, operated in response to 
timing signals from the environment, a new internal clock 
signal, invisible to the environment, was not used to control 
the internal operations of the devices. 

In speci?c embodiments, a synchronizer is incorporated 
to essentially generate a synchronized version of the envi 
ronmental timing signal. This synchronized version behaves 
much like other data signals from the environment. This 
synchronizer feeds the resulting sampled environmental 
clock signals to a ?nite state machine, which generates 
control signals. The logic operations are then coordinated by 
application of these control signals to sequential logic ele 
ments. 

In more detail, the logic system is con?gured to have both 
combinational logic, e.g. logic gates, and sequential logic, 
e.g. ?ip-?ops, to perform the logic operations. The control 
signals function as load enable signals to the sequential 
logic. The internal clock signal is received at the clock 
terminals of that logic. Just like the original digital circuit 
design, each sequential logic element operates in response to 
the environmental timing signals. Now, however, these 
timing signal control the load enable of the elements, not the 
clocking. It is the internal clock signal that now clocks the 
elements. As a result, the resynthesized circuit operates 
synchronously with a single clock signal regardless of the 
clocking scheme of the original digital circuit. 

In general, according to another aspect, the invention 
features a method for converting a digital circuit design into 
a new circuit that is substantially functionally equivalent to 
the digital circuit design. First, the internal clock signal is 
de?ned, then sequential logic elements of the digital circuit 
design are resynthesized to operate in response to the 
internal clock signal in the new circuit rather than simply the 
environmental timing signals. 

In speci?c embodiments, ?ip-?ops of the digital circuit 
design, which are clocked by the environmental timing 
signal, are resynthesized to be clocked by the internal clock 
signal and load enabled in response to the environmental 
timing signals. Finite state machines are used to actually 
generate control signals that load enable each ?ip-?op. The 
load enable signals are sometimes also generated from a 
logic combination of ?nite state machine signals and logic 
gates. 

In other embodiments, latches in the digital circuit design, 
which were gated by the environmental timing signals, are 
resynthesized to be ?ip-?ops or latches in future FPGA 
designs in the new circuit that are clocked by the new 
internal or virtual clock signal. These new ?ip-?ops are load 
enabled in response to the environmental timing signals. 

In general, according to still another aspect, the invention 
features a logic system for generating output signals to an 
environment in response to at least one environmental 
timing signal and environmental data signals provided from 
the environment. This logic system has its own internal 
clock and at least one con?gurable logic device. The internal 
architecture of the con?gurable device includes logic for 
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4 
generating the output signals in response to the environmen 
tal data signals and a controller, speci?cally a ?nite state 
machine, for coordinating operation of the logic in response 
to the internal clock signal and the environmental timing 
signal. 

Speci?cally, the logic includes sequential and combina 
tional logic elements. The sequential logic elements are 
clocked by the internal clock signal and load enabled in 
response to the environmental timing signals. 
The above and other features of the invention including 

various novel details of construction and combinations of 
parts, and other advantages, will now be more particularly 
described with reference to the accompanying drawings and 
pointed out in the claims. It will be understood that the 
particular method and device embodying the invention. is 
shown by way of illustration and not as a limitation of the 
invention. The principles and features of this invention may 
be employed in various and numerous embodiments without 
the departing from the scope of the invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

In the accompanying drawings, like reference characters 
refer to the same parts throughout the ditferent views. The 
drawings are not necessarily to scale and in some cases have 
been simpli?ed. Emphasis is instead placed upon illustrating 
the principles of the invention. Of the drawings. 

FIG. 1 is a schematic diagram showing a prior art emu 
lation system and its interaction with an environment and a 
host workstation; 

FIG. 2 shows a method for impressing a logic design on 
the emulation system; 

FIG. 3 is a schematic diagram of a con?gurable logic 
system that comprises four con?gurable logic devices—a 
portion of the internal logic structure of these devices has 
been shown to illustrate the origins of hold time violations; 

FIG. 4A is a schematic diagram of the logic system of the 
present invention showing the internal organization of the 
con?gurable logic devices and the global control of the logic 
devices by the internal or virtual clock; 

FIG. 4B is a timing diagram showing the timing relation 
ships between the internal or virtual clock signal, environ 
mental timing signals, and control signals generated by the 
logic system; 

FIG. 5A is a schematic diagram of a logic system of the 
present invention that comprises four con?gurable logic 
devices, the internal structure of these devices is the func 
tional equivalent of the structure shown in FIG. 3 except that 
the circuit has been resynthesized according to the principles 
of the present invention; 

FIG. 5B is a diagram showing the timing relationship 
between the signals generated in the device of FIG. 5A; 

FIG. 6 illustrates a method by which a digital circuit 
description having an arbitrary clocking methodology is 
resynthesized into a functionally equivalent circuit that is 
synchronous with a single internal clock; 

FIGS. 7A and 7B illustrate a timing resynthesis circuit 
transformation in which an edge-triggered ?ip-?op is con 
verted into a load-enable type ?ip-?op; 

FIGS. 8A and 8B illustrate a timing resynthesis circuit 
transformation in which a plurality of edge triggered ?ip 
?ops clocked by two phase-locked clock signals are con 
verted into load enable ?ip-?ops that are synchronous with 
the internal clock signal; 

FIGS. 9A and 9B illustrate a timing resynthesis circuit 
transformation in which two edge triggered ?ip-?ops 
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clocked by two arbitrary clock signals are transformed into 
load enabled ?ip-?ops that operate synchronously with the 
internal clock signal; 

FIGS. 10A, 10B, and 10C illustrate a timing resynthesis 
circuit transformation in which two edge-triggered ?ip 
?ops, one of which is clocked by a gated clock, are trans 
formed into two load-enable ?ip-?ops that operate synchro 
nously with the internal clock signal, FIG. 10B is a timing 
diagram showing the signal values over time in the circuit; 

FIG. 11A and 11B illustrate a timing resynthesis circuit 
transformation in which a complex gated clock structure, 
with a second ?ip-?op being clocked by a gated clock, is 
converted into a circuit containing three ?ip-?ops and an 
edge detector, all of the ?ip-?ops operating off of the internal 
clock signal in the new circuit; 

FIG. 12 illustrates circuit transformations in which gated 
latches are converted into edge-triggered ?ip-?ops on the 
assumption that the latches are never sampled when open, 
i.e., latch output is not registered into another storage 
element when they are open; 

FIG. 13 illustrates a timing resynthesis circuit transfor 
mation in which a gated latch is converted into an edge 
triggered ?ip-?op and a multiplexor; 

FIGS. 14A and 14B illustrate a timing resynthesis circuit 
transformation in which a latch is converted to an edge 
triggered ?ip-?op with a negative delay at the clock input 
terminal to avoid glitches; 

FIG. 15 illustrates a timing resynthesis circuit transfor 
mation of the negative delay ?ip-?op of FIG. 14B into a 
?ip-?op that operates synchronously with the internal clock 
signal; 

PIGS. 16A and 16B illustrate a timing resythesis circuit 
transformation in which a ?ip-?op is inserted in a combi 
national loop to render the circuit synchronous with the 
virtual clock; 

FIGS. 17A and 17B illustrate a timing resynthesis circuit 
transformation in which an RS ?ip-?op is transformed into 
a device that is synchronous with the virtual clock; 

FIG. 18A, 18B, and 18C illustrate a timing resynthesis 
circuit transformation for handling asynchronous preset and 
clears of state elements; and 

FIG. 19 illustrates the steps performed by a compiler that 
resynthesizes the digital circuit design andv converts it into 
FPGA con?guration data that is loaded into the logic system 
200. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

Turning now to the drawings, FIG. 1 is a schematic 
diagram showing an emulation system 5 of the prior art. The 
emulation system 5 operates in an environment such as a 
target system 4 from which it receives environmental timing 
signals and environmental data signals and responsive to 
these signals generates output data signals to the environ 
ment. A con?guring device 2 such as a host workstation is 
provided to load con?guration data into the emulation 
system 5. 
The emulation system 5 is usually constructed from 

individual con?gurable logic devices 12, speci?cally FPGA 
chips are common. The con?gurable logic devices 12 are 
connected to each other via an interconnect 14. Memory 
elements 6 are also optionally provided and are accessible 
by the con?gurable logic devices 12 through the intercon 
nect 14. 
The host workstation 2 downloads the con?guration data 

that will dictate the internal con?guration of the logic 

10 

15 

30 

35 

4-5 

50 

55 

65 

6 
devices 12. The con?guration data is compiled from a digital 
circuit description that includes the desired manner in which 
the emulation system 5 is intended to interact with the 
environment or target system 4. Typically, the target system 
4 is a larger electronic system for which some component 
such as a microprocessor is being designed. The description 
applies to this microprocessor and the emulation system 5 
loaded with the con?guration data con?rms compatibility 
between the microprocessor design and the target system 4. 
Alternatively, the target system 4 can be a device for which 
the logic system satis?es some processing requirements. 
Further, the emulation system 5 can be used for simulations 
in a software or FPGA based logic simulation. 

FIG. 2 illustrates how the logic design is distributed 
among the logic devices 12 of the logic system 5. A netlist 
20 describing the logic connectivity of the logic design is 
separated into logic partition blocks 22. The complexity of 
the blocks 22 is manipulated so that each can be realized in 
a single FPGA chip 12. The logic signal connections that 
must bridge the partition blocks 24, global links, are pro 
vided by the interconnect 14. Obviously, the exemplary 
netlist 20 has been substantially simpli?ed for the purposes 
of this illustration. 

FIG. 3 illustrates the origins of hold time problems in 
conventional logic designs. The description is presented in 
the speci?c context of a con?gurable system 100, such as an 
emulation system, comprising four con?gurable logic 
devices 110-116, such as FPGAs, which are interconnected 
via a crossbar 120 interconnect. A portion of the internal 
logic of these devices is shown to illustrate the distribution 
of a gated clock and the potential problems from the delay 
of the clock. 

The second logic device 112 has been programmed with 
a partition of the intended logic design that includes an 
edge-triggered D-type ?ip-?op 122. This ?ip-?op 122 
receives a data signal DATA at an input terminal D1 and is 
clocked by a clock signal CLK, both of which are from the 
environment in which the system 100 is intended to operate. 
The output terminal Q1 of the ?rst ?ip-?op is connected to 
a second ?ip-?op 124 in the fourth logic device 116 through 
the crossbar 120. This second ?ip-?op 124 is also clocked by 
the clock signal, albeit a gated version that reaches the 
second ?ip-?op 124 through the crossbar 120, through 
combinational logic 126 on a third con?gurable logic device 
114 and through the crossbar 120 a second time before it 
reaches the clock input of the second ?ip-?op 124. 

Ideally, the rising edge of the clock signal should arrive at 
both the ?rst ?ip-?op 122 and the second ?ip-?op 124 at 
precisely the same time. As a result of this operation, the 
logic value “b” held at the output terminal Q1 of the ?rst 
?ip-?op 122 and appearing at the input terminal D2 of the 
second ?ip-?op 124 will be latched to the output terminal Q2 
of the second ?ip-?op 124 as the data input is latched by 
?ip-?op 122. The output terminals Q1 and Q2 of the 
?ip-?ops 122, 124 will now hold the new output values “a” 
and “b”. This operation represents correct synchronous 
behavior. 
The more realistic scenario, especially when gated clocks 

are used, is that the clock signal CLK will not reach both of 
the ?ip-?ops 122 and 124 at the same instant in time. This 
realistic assumption is especially valid in the illustrated 
example in which the clock signal CLK must pass through 
the combinational logic 126 on the third con?gurable logic 
device 114 before it reaches the second ?ip-?op 124 on the 
fourth con?gurable logic device 116. In this example, 
assume the clock signal CLK reaches the ?rst ?ip-?op 122 
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in the second con?gurable logic device 112 and clocks the 
value at that ?ip-?op’s input terminal D1 to the output Q1. 
At some point, the output Q1 of the ?rst ?ip-?op is now 
holding the new value “a” and this new value begins to 
propagate toward the input D2 of the second ?ip-?op 124. 
The rising edge of the clock signal CLK has not propagated 
to the second ?ip-?op 124 on the fourth con?gurable logic 
device 116, however. Instead, a race of sorts is established 
between the rising edge of the clock signal CLK and the new 
value “a” to the second ?ip-?op 124. If the new value “a” 
reaches the input terminal D2 of the second ?ip-?op before 
the rising edge of the clock signal CLK, the old value “b” 
will be over-written. This is incorrect behavior since the 
information contained in “b” is lost. For correct operation of 
the circuit, it was required that signal “b” at the input 
terminal D2 of the second ?ip-?op 124 be held valid for a 
brief period of time after the anival of the clock edge to 
satisfy a hold time requirement. Unfortunately, unpredict 
able routing and logic delays postpone the clock edge 
beyond the validity period for the input signal “b”. 

In environments where delays can not be predicted 
precisely, hold time violations are a serious problem that can 
not be recti?ed merely by stretching the length of the clock 
period. Often, there is a need for careful delay tuning in 
traditional systems, either manually or automatically, in 
which analog delays are added to signal paths in the logic. 
The delays usually require further decreases in the opera 
tional speed of the target system. This lengthens the periods 
of the environmental timing signals and gives the emulation 
system more time to perform the logic calculations. These 
changes, however, create their own timing problems, and 
further erode the overall speed, ease-of-use, and predictabil 
ity of the system. 

FIG. 4A is a schematic diagram showing the internal 
architecture of the logic system 200 which has been con 
?gured according to the principles of the present invention. 
This logic system 200 comprises a plurality of con?gurable 
logic devices 214a-214d. This, however, is not a strict 
necessity for the invention. Instead, the logic system 200 
could also be constructed from a single logic device or 
alternatively from more than the four logic devices actually 
shown. The logic devices are shown as being connected by 
a Manhattan style interconnect 418. Again, the interconnect 
is non-critical, modi?ed Manhattan-style, crossbars or hier 
archial interconnects are other possible and equivalent alter 
natives. 
The internal logic architecture of each con?gurable logic 

device 214a-214d comprises a ?nite state machine 428-434 
and logic 420-426. An internal or virtual clock VClk gen 
erates an internal or virtual clock signal that is distributed 
through the interconnect 418 to each logic device 
214a-214d, and speci?cally, the logic 420-426 and ?nite 
state machines 428-434. Generally, the logic 420-426 per 
forms the logic operations and state transitions associated 
with the logic design that was developed from the digital 
circuit description. The ?nite state machines 428-434 con 
trol the sequential operations of the logic in response to the 
signal from the virtual clock VClk. 
The logic system 200 operates synchronously with the 

single internal clock signal VClk. Therefore, a ?rst synchro 
nizer SYNCl and a second synchronizer SYNC2 are pro 
vided to essentially generate synchronous versions of timing 
signals from the environment. In the illustrated example, 
they receive environmental timing signals EClkl and EClk2, 
respectively. The synchronizers SYNCl and SYNC2 also 
receive the internal clock signal VClk. Each of the synchro 
nizers SYNCI and SYNC2 generates a synchronizing con 
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8 
trol signal V601, VG02 in response to an edge of the 
respective environmental timing signal EClkl and EClkZ, 
upon the next transition of the internal clock VClk. Thus, 
these control signals are synchronous with the internal 
clock. 

FIG. 4B shows an exemplary timing diagram of the 
virtual clock signal VClk compared with a first environmen 
tal clock signal EClkl and a second enviromnental clock 
signal EClkZ. As shown, typically, the virtual clock VClk is 
substantially faster than any of the environmental clocks, at 
least four times faster but usually faster by a factor of ten to 
twenty. As a general rule, the temporal resolution of the 
virtual clock, i.e., the cycle time or period of the virtual 
clock, should be smaller than the time difference between 
any pair of environmental timing signal edges. 

In the example, the environmental ‘clocks EClkl and 
EClk2 are rising edge-active. The signals VGo1 and VGo2 
from the ?rst synchronizer SYNCl and the second synchro 
nizer SYNC2, respectively, are versions of the environmen 
tal clock which are synchronized to the internal clock VClk 
in duration. The transitions occur after the rising edges of the 
environmental clocks EClkl and EClk2, upon the next or a 
later rising edge of the internal clock. For example, the 
second synchronizing signal VG02 is active in response to the 
receipt of the second environmental clock signal EClkZ 
upon the next rising edge of the internal clock VClk. 

Returning to FIG. 4A, in typical simulation or emulation 
con?gurable systems and the present invention, logic of the 
con?gurable devices include a number of interconnected 
combinational components that perform the boolean func 
tions dictated by the digital circuit design. An example of 
such components are logic gates. Other logic is con?gured 
as sequential components. Sequential components have an 
output that is a function of the input and state and are 
clocked by a timing signal. An example of such sequential 
components would be a ?ip-?op. In the typical con?gurable 
systems, the environmental clock signals are provided to the 
logic in each con?gurable logic device to control sequential 
components in the logic. This architecture is a product of the 
emulated digital circuit design in which similar components 
were also clocked by these timing signals. The present 
invention, however, is con?gured so that each one of these 
sequential components in the logic sections 420-426 is 
clocked by the internal or virtual clock signal VClk. This 
control is schematically shown by the distribution of the 
internal clock signal VCR; to each of the logic sections 
420-426 of the con?gurable devices 410-416. As described 
below, the internal clock is the sole clock applied to the 
sequential components in the logic sections 420-426 and 
this clock is preferably never gated. 

Finite state machines 428-434 receive both the internal 
clock signal VClk and also the synchronizing signals V001 
V602 from the synchronizers SYNCl and SYNC2. The ?nite 
state machines 428-434 of each of the con?gurable logic 
devices 410-416 generate control signals to the logic sec 
tions 420-426. These signals control the operation of the 
sequential logic components. Usually, the control signals are 
received at load enable terminals. As a result, the inherent 
functionality of the original digital circuit design is main 
tained. The sequential components of the logic are operated 
in response to environmental timing signals by virtue of the 
fact that loading occurs in response to the synchronized 

‘ versions of the timing signals, i.e. V001 V602. Synchronous 
operation is imposed, however, since the sequential compo 
nents are actually clocked by the single internal clock signal 
VClk throughout the logic system 200. In contrast, the 
typical simulation or emulation con?gurable systems would 
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clock the sequential components with the same environmen 
tal clock signals as in the original digital circuit description. 

It should be noted that separate ?nite state machines are 
not required for each con?gurable logic device. 
Alternatively, a single ?nite state machine having the com 
bined functionality of ?nite state machines 428-434 could 
be implemented. For example, one con?gurable device 
could be entirely dedicated to this combined ?nite state 
machine. Generally, however, at least one ?nite state 
machine on each device chip is preferred. The high cost of 
interconnect bandwidth compared to on-chip bandwidth 
makes it desirable to distribute only the synchronizing 
signals VGO1 VG02 to each chip, and generate the multiple 
control signals on-chip to preserve the interconnect for other 
signal transmission. 

FIG. 5A shows a portion of a logic circuit that has been 
prograrmned into the logic system 200 according to the 
present invention. This logic circuit is a resynthesized ver 
sion of the logic circuit shown in FIG. 3. That is, the logic 
circuit of FIG. 5A and of FIG. 3 have many of the same 
characteristics. Both comprise ?ip-?ops 122 and 124. The 
?ip-?op 122 has an output terminal Q1 which connects to 
the input terminal D2 of ?ip-?op 124. Further, the combi 
national logic 126 is found in both circuits. 
The logic circuit of FIG. 5A di?’ers from FIG. 3 ?rst in 

that each of the ?ip-?ops 122 and 124 are load-enable type 
?ip-?ops and clocked by a single internal clock VClk. Also, 
the environmental clock signal Clk is not distributed per se 
to both of the ?ip-?ops 122 and 124 as in the circuit of FIG. 
3. Instead, a synchronized version of the clock signal VGo is 
distributed to a ?nite state machine 430 of the second 
con?gurable logic device 214b and is also distributed to a 
?nite state machine 434 of the fourth con?gurable logic 
device 214d. The ?nite state machine 430 then provides a 
control signal to a load enable terminal LE1 of ?ip-?op 122 
and ?nite state machine 434 provides a control signal to the 
load enable terminal LE2 of ?ip-?op 124 through the 
combinational logic 126. 

FIG. 5B is a timing diagram showing the timing of the 
signals in the circuit of FIG. 5A. That is, at time 510, new 
data is provided at the input terminal D1 of ?ip-?op 522. 
Then, at some later time, 512, the clock signal Clk is 
provided to enable the ?ip-?op 122 to clock in this new data. 
The second ?ip-?op 124 is also intended to respond to the 
environmental clock signal Clk by capturing the previous 
output of ?ip-?op 122 before that ?ip-?op is updated with 
the new data. Recall that the problem in the logic circuit of 
FIG. 3 was that the clock signal to the second ?ip-?op 124 
was gated by the combinational logic 126 which delayed 
that clock signal beyond time at which the output “b” from 
the output terminal Q1 of the ?ip-?op 122 was valid. In the 
present invention, the environmental clock signal Clk is 
received at the synchronizer SYNC. This synchronizer also 
receives the virtual clock signal VClk. The output of the 
synchronizer V‘;0 is essentially the version of the environ 
mental clock signal that is synchronized to the internal clock 
signal. Speci?cally, the new signal VG0 has rising and falling 
edges that correspond to the rising edges of the internal 
clock signal VClk. 
The ?nite state machines 430 and 434 are individually 

designed to control the ?ip-?ops in the respective con?g 
urable logic 214b and 214d to function as required for 
correct synchronous operation. Speci?cally, ?nite state 
machine 434 generates a control signal 215 which propa 
gates through the combinational logic 126 to the load enable 
terminal LE2 of the ?ip-?op 124. This propagation of 
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10 
control signal 215 from finite state machine, through c0m— 
binational logic 126, to LE2 occurs in a single virtual clock 
cycle. The generation of control signal 215 precedes the 
generation of control signal 217 by the ?nite state machine 
430 by a time of two periods (for example) of the internal 
clock VClk. This two cycle difference, 514, assumes that 
?ip-?op 124 is enabled before ?ip-?op 122 is enabled, 
thereby latching “b”, and thus providing correct operation. 
As a result, both ?ip-?op 122 and ?ip-?op 124 are load 
enabled in a sequence that guarantees that a new value in 
?ip-?op 122 does not reach ?ip-?op 124 before ?ip-?op 124 
is enabled. In fact, if the compiler has scheduled “b” to 
arrive at D2 on some cycle, x, later than 217, then the 
compiler can cause control signal 215 to be available on that 
cycle x, or later. In the above instance, the correct circuit 
semantics is preserved even though control signal 215 
arrives after control signal 217. The key is that 215 must 
enable ?ip-?op 124 in a virtual cycle in which “b” is at D2. 

Further, the precise control of storage elements a?'orded 
by the present invention allows set up and hold times into the 
target system to be dictated. In FIG. 5A, output Q2 of 
?ip-?op 124 is linked to a target system via a third ?ip-?op 
140. The ?ip-?op 140 is load enabled under the control of 
?nite state machine 434 and clocked by the virtual clock. 
Thus, by properly constructing this ?nite state machine 434, 
the time for which ?ip-?op 140 holds a value at terminal Q3 
is controllable to the temporal resolution of a cycle or period 
of the virtual clock signal. 

This aspect of the invention enables the user to test best 
case and worst case situations for signal transmission to the 
target system and thereby ensure that the target system 
properly captures these signals. In a similar vein, this control 
also allows the user to control the precise time of sampling 
signals from the target system by properly connected storage 
devices. 

FIG. 6 illustrates a method by which a digital circuit 
design with an arbitrary clocking methodology and state 
elements is transfonned into a new circuit that is synchro 
nous with the internal clock signal but is a functional 
equivalent of the original digital circuit. The state elements 
of the new circuit are exclusively edge triggered ?ip-?ops. 
The ?rst step is speci?cation 610. This is a process by 

which the digital circuit design along with all of the inherent 
timing methodology information required to precisely de?ne 
the circuit functionality is identi?ed. This information is 
expressed in four pieces, a ?rst piece of which is the 
gate-level circuit netlist 610a. This speci?es the components 
from which the digital circuit is constructed and the precise 
interconnectivity of the components. 
The second part 61% of the speci?cation step 610 is the 

generation of a functional description of each component in 
the digital circuit at the logic level. For combinatorial 
components, this is a speci?cation of each output as a 
boolean function of one or more inputs. For example, the 
speci?cation of a three input OR gate-—inputs A, B, and C 
and an output O—is O=A+B+C. For sequential components, 
this entails the speci?cation of outputs as a boolean function 
of the inputs and state. The speci?cation of the new state as 
a boolean function of the inputs and state is also required for 
the sequential components along with the speci?cation of 
when state transitions occur as a function of either boolean 
inputs or directed input transitions. A directed input transi 
tion is a rising or falling edge of an input signal, usually a 
timing signal from the environment in which the logic 
system 200 is intended to ultimately function. For example, 
the speci?cation of a rising edge-triggered ?ip-?op—inputs 
















